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Abstract 
Extending lifetime of wireless sensor networks (WSNs) is one of the most critical issues in WSNs. Lifetime limitations are caused 
by limited energy resources. Significant extensions of WSN lifetime can be achieved by adding spare nodes. The spares are 
ready to be switched on when any primary (original) WSN node uses up its energy. We propose the LEACH-SM protocol, which 
modifies the prominent Low-Energy Adaptive Clustering Hierarchy (LEACH) protocol by providing an optimal spare selection 
and energy-saving management of spares. We also provide a method for estimating WSN lifetime, which has a critical 
importance for planning WSN applications. The salient features of LEACH-SM include parallelism in running its component 
protocols, scalability, and reduced transmission of redundant data to cluster heads (collecting information from sensor nodes). 
© 2014 Bilal Abu Bakr  & Leszek T. Lilien. Published by Elsevier B.V. 
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1. Introduction 
1.1. Background 
A wireless sensor network (WSN) is a collection of sensor nodes that usually derive their energy from attached 
batteries [6]. The basic purpose of a WSN is to collect the measurement of physical values (e.g., barometric 
pressure, temperature, vibrations, positioning, animal position, a patient’s vital health signs, etc.), aggregate this 
information and transmit it to a base station (a.k.a. the sink) for further analysis. 
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Sensor nodes are a specific class of embedded 
systems. Typically, the nodes are tiny, disposable, and 
low-power. The description of the composition of a 
single sensor node is helpful in understanding the 
significant resource restrictions of sensor nodes. 
Fig. 1 illustrates a typical configuration of hardware 
components within a sensor node. 
WSN lifetime is the key characteristics for the 
evaluation of sensor networks. In the literature, there 
are many definitions of WSN lifetime. We accept the 
following definition [5]: WSN lifetime is “the interval 
of time, starting with the very first transmission in the 
wireless network during the setup phase and ending when the percentage of reports from sensor nodes fall below a 
specific threshold, which is set according to the type of the application.” In other words, a WSN lifetime can be 
defined by a threshold 	 as follows. A WSN starts its operation with the full (100%) target coverage. It is 
considered dead at time	

, when the target coverage drops below the target coverage threshold . WSN lifetime is 
equal to the duration of the time interval  

. 
After WSN is deployed, its operational lifetime depends on its energy resources. Available results reveal that 
significant improvement in WSN lifetime can be achieved by using spare nodes (spares) [2, 4]. In our solution, the 
spare nodes are initially asleep to save energy. They are ready to be switched on when any primary node (i.e., a 
node that is not a spare) uses up its energy. (Note that we consider only node failures due to battery rundowns.) 
Replacing exhausted sensor nodes with spares to enhance the network lifetime is not a simple job; it requires skillful 
network management. This is our focus. (Also, optimization opportunities provided by good understanding of the 
semantics of an application served by the WSN can be exploited. But this is beyond the scope of this research.) 
1.2. Motivation: Two Major Inefficiencies in LEACH 
The LEACH protocol [1] is a prominent protocol based on energy-efficient cluster-based routing (with a cluster 
head selected in each cluster). It can use application-specific data aggregation to achieve a good performance in 
terms of WSN lifetime, latency and application-perceived quality. According to LEACH, all regular nodes—i.e., 
nodes that are not cluster heads—transmit data packets to their cluster heads periodically. LEACH is designed for 
static sensor nodes. 
There are two energy-consumption inefficiencies for cluster heads. The first one, the hotspot problem, is due to 
extra duties of cluster heads that increase energy usage. The solution proposed by the LEACH protocol is 
randomized rotation of the cluster head role among all nodes in a cluster, and ensuring that all nodes serve as a 
cluster head exactly only once during WSN lifetime. In this way, LEACH tries to even out the long-term energy 
usage by all nodes in each cluster. However, this protocol does not compensate for extra energy consumption by 
nodes during their cluster head service.  
The second inefficiency is redundant data transmission to cluster heads by sensor nodes with overlapping 
sensing areas. This results in unnecessary load on cluster heads. LEACH proposes no solution for this inefficiency. 
Extra energy consumption by nodes during their cluster head service and transmission of redundant data to 
cluster heads is due to faulty spare management. If the spares are properly managed, that is, not more than the 
required number of sensor nodes is active, then we can reduce both inefficiencies. 
2. Related Work 
In this section we briefly report on the work performed on the presented problem by other researchers. A number 
of topology management algorithms and schemes have been proposed to increase WSN lifetime. This section 
discusses briefly the main results of the most relevant work related to lifetime extension and power management for 
WSNs. 
Fig. 1.  Hardware components of a typical sensor node. 
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The Low-Energy Adaptive Clustering Hierarchy (LEACH) protocol for WSNs was designed and implemented 
by Heinzelman [1]. LEACH uses a clustering architecture. Each cluster elects a cluster head. For balancing energy 
load in the network, LEACH rotates the energy-thirsty function of the cluster head among all the nodes in a cluster. 
To avoid data transmission collisions, LEACH uses a time division multiple access (TDMA) protocol. The major 
characteristics of LEACH include randomized, adaptive, and self-configured cluster formation; localized control for 
data transfer; low-energy media access; and application-specific data processing for data aggregation or 
compression. 
Zhang et al. [7] introduced the Efficient Power and Coverage Algorithm (EPCA) that puts the redundant sensor 
nodes into the sleep mode while maintaining the sensing field fully covered. The idea of EPCA is that any sensor 
node turns itself off if the so called coverage degree of its neighbors is not affected. The authors introduce two 
modes in the scheduling phase: active and passive. Every sensor node in the passive mode wakes up periodically to 
receive beacon messages from 
sensor nodes that are in the active 
mode. It is not clear which sensor 
node will decide to go to sleep 
first. Moreover, the periodic wake-
up schedule for the sensor nodes 
that are in the passive mode 
remains unspecified. 
Chamam et al. [8] address the 
issue of maximizing the WSN 
lifetime under the area coverage 
constraint. They authors propose a 
scheduling mechanism that 
calculates an optimal covering 
subset of sensor nodes for every 
time slot during the operating 
period; only the nodes from this 
subset are activated for the given 
period, while others are put to sleep. 
3. Research Goals 
We propose the LEACH-SM protocol (“SM” stands for “Spare Management”)—a modification of LEACH—to 
realize the following three most significant goals for extending the lifetime of WSN. 
3.1. Goal 1: Optimal Spare Selection 
If more than the minimal numbers of sensor 
nodes than required for above-threshold coverage 
are active, then WSN lifetime is shortened. To 
achieve WSN lifetime extension, LEACH-SM 
adds the spare selection phase to LEACH (cf. 
Fig.2).  
The spare selection phase consists of two 
intervals: (i) the sensing range neighbor (SR-
neighbor) discovery interval; and (ii) the DESST 
interval, during which the Decentralized Energy-
efficient Spare Selection Technique (DESST) is 
run (to increase wireless sensor network lifetime). 
(The sensing range neighbor discovery interval, 
  
Fig. 2.  Rounds, phases, and frames for LEACH-SM, including the added spare selection phase. 
Note that spare selection is done only once in WSN lifetime. The spare selection phase consists 
of two intervals: (i) for SR-neighbor discovery, and (ii) for running Decentralized Energy-
efficient Technique (DESST). 
Fig. 3.  DESST puts each WSN node into either passive or active power 
mode. The former become regular (primary) sensor nodes, and the latter—
spare sensor nodes. 
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beyond the scope of this paper, is covered by us in Ref. [4].) 
DESST is a part of the spare management that allows (in parallel across all clusters) each sensor node to select 
being a primary node or a spare, as shown in Fig. 3. The former enter the active power mode (they will be Awake or 
Napping at the moment when the spare selection phase ends—cf. Fig. 2). The latter enter the passive power mode 
(they will be Asleep at the moment when the spare selection phase ends). At the same time, the above-threshold 
target coverage is assured.  
DESST maintains the coverage. above the target coverage threshold. DESST consists of: (i) finding the order in 
which nodes must make the spare/primary decision; and (ii) actually making this decision. Since sensing ranges for 
nodes can cross cluster boundaries, race conditions and deadlocks can occur in Step (ii). A race condition occurs in 
DESST when multiple sensor nodes (from the same or different clusters) attempt to decide in parallel whether they 
should become primaries or spares. 
Consider a situation when Target A is covered only by 
two nodes 

	and	

, that belong to clusters 

 and	

, 
respectively (as shown in Fig. 4). Suppose that 

	decides 
that it is redundant (since it knows that Target A is covered 
by its SR-neighbor 

), and decides to become a spare. In 
parallel, 

	decides that it is redundant (since it knows that 
Target A is covered by its SR-neighbor 

	), and decides to 
become a spare. As a result of this race condition, Target A
will not be covered at all. 
A deadlock in DESST occurs when two or more sensor 
nodes are waiting for each other before making their 
primary/spare decision. As a simple deadlock example, 
consider two sensor nodes 

 

	from the same or different 
clusters. It is possible that 

	waits for the decision of 

	to 
make its primary/spare decision, and at the same time 


	waits for	

. 
Nodes that became spares provide redundant coverage 
w.r.t. to the primary nodes. If not put Asleep by DESST, they would send redundant data to cluster heads. 
Importance. DESST achieves the following significant objectives: (i) extending WSN lifetime; (ii) allowing 
nodes in all clusters to make primary/spare decisions in parallel; (iii) reducing transmission of redundant data to 
cluster heads. 



Fig. 5.  Activities for a cluster head (top), primary nodes (middle), and spare nodes (bottom). 
3.2. Goal 2: Management of Spare Nodes after WSN Deployment 
To the best of our knowledge, limited attention is paid in the literature to managing spares. This makes our 
second research goal for LEACH-SM significant. This goal is providing a proper spare management in order to 
decide: (i) how long the spares should remain Asleep; and (ii) which spare should be used as a replacement for a 
given primary node that used up all their energy. 
Fig. 4.  Illustration for SR-neighbor discovery. 
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As shown in Fig. 5, spares are initially Asleep, and wake up to enter the Awake-Nap cycles at time t (t is 
estimated by DESST during the spare selection phase). Note that spares wake up themselves (using a standard built-
in time). A cluster head could wake up a sleeping spare only if special hardware were available. Note also that as 
primary nodes exhaust their energy, the target coverage can decrease from 100% to the threshold value. If spares are 
unavailable, the coverage will go down to  at certain time 

. We set t = 

.Finally, note that the larger is t the 
more energy is saved by spares. However, if t is too large, some exhausted nodes would have no spares ready for 
replacing them. 
During its very short Awake intervals, each spare checks with its cluster head if it is needed to replace a primary. 
Very short Awake intervals imply very long Nap intervals, which results in lowered energy consumption by spares 
that are no longer in the Sleep state. Note that the end of each Awake interval for a spare coincides with the end of 
the (much longer) Awake interval for its cluster head. 
In contrast, from the moment t0 of WSN deployment, primaries must follow the cycles of the Awake and Nap 
intervals (cf. Fig. 5). Their Awake intervals are much longer, and their Nap intervals are shorter than for spares after 
time t. 
Importance. A proper management of spare nodes saves their energy, making them available for replacing failed 
primaries for a longer time. This extends WSN lifetime.  
Fig. 6.  Average energy consumption curves and average WSN lifetimes for a single node for  
LEACH and LEACH-SM for parameter values:       and   	. 
3.3. Goal 3: Estimating the Lifetime of WSN 
A good estimate of WSN lifetime is critical for planning WSN applications. The power management problem 
associated with WSNs is conceptually simple, based on supply and consumption. In practice, it is complicated by 



 


 


 


 
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many factors affecting WSN lifetime. Providing WSN lifetime estimate requires: (i) calculating lifetime for primary 
nodes and spares; (ii) calculating duty cycles for all types of nodes; and (iii) estimating lifetime of node batteries. 
Importance. A good estimate of WSN lifetime has a fundamental importance for planning WSN applications. 
4. Simulation Results for Ranges of 			or 
 Values  
To avoid excessive redundancies in this paper, we consider here only one case with different combinations of 
values for 
     	 (the durations of a Nap interval for a cluster head) and   
 (the spare ratio). 
Fig. 6 shows eight individual energy consumption curves and WSN lifetimes for a single node for LEACH and 
LEACH-SM with 
     	 and   
. 
In both protocols, each node serves as a cluster head only once in its lifetime. This period of cluster head service 
corresponds to the steepest (initial) segment of each energy consumption curve. 
In this experiment we increase the Nap interval. At the beginning the value of the Nap interval is set to zero, that 
is, the duty cycle for cluster heads in LEACH is 100%. In general, the corresponding duty cycle of a cluster head in 
LEACH-SM is lower by  %, because a cluster head in LEACH-SM has  % fewer regular nodes to communicate 
with. For both LEACH and LEACH-SM, we increased the Nap interval from 0 to 30 with the step size of 10 during 
each iteration, until the corresponding duty cycle for cluster head in LEACH went down to 15% (as the Nap interval 
was increased). 
WSN lifetimes for LEACH-SM are 23% better than the corresponding WSN lifetimes for LEACH for all four 
combinations of values for 
 	and  (cf. Fig. 6). 
5. Conclusions and Work Status 
The LEACH-SM protocol improves the prominent LEACH protocol. The fundamental objective is extending 
WSN lifetime. It is achieved by realizing three main goals, all related to spare management: (i) Goal 1: the optimal 
spare selection; (ii) Goal 2: energy-saving management of spare nodes after WSN deployment; and (iii) Goal 3: 
estimating WSN lifetime (which has a critical importance for planning WSN applications). 
The salient features of LEACH-SM include: (i) parallelism in running the DESST protocol for selecting spares; 
(ii) scalability—due to using only local topology information in algorithms realizing Goals 1 and 2; (iii) reducing 
transmission of redundant data to cluster heads.  
To the best of our knowledge, simultaneous satisfaction of the above goals and providing the above salient 
features has not been achieved by solutions proposed in the literature. 
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